Study Design. A computed tomography study.
S
pinal instrumentation has evolved from in situ fusion to segmental wire fixation, segmental hook fixation, and segmental screw fixation. 1 Among these techniques, there is an increasing trend of using pedicle screws in spinal corrective surgery. Segmental pedicle screw instrumentation provides greater correction, vertebral derotation, and maintenance of correction through a single posterior approach 2 ; however, there are some concerns about pedicle screw safety in the thoracic/thoracolumbar spine. One of the most threatening complications in posterior spinal reconstruction surgery of adolescent idiopathic scoliosis (AIS) is aortic injury by a pedicle screw. 3 Several studies have been conducted regarding the position of the aorta in patients with scoliosis [4] [5] [6] [7] [8] . These studies used computed tomography (CT) or magnetic resonance imaging (MRI) to assess the vertebral level at which pedicle screws had the greatest risk of aorta injury. These studies, however, included several curve types, and there is thus a possibility that the position of the aorta differs according to the scoliosis curve type. When evaluating the position of the aorta relative to the vertebrae, it may be more informative to select cases with the same curve type. In this study, therefore, we evaluated the position of the aorta relative to the spine in patients with Lenke type 1 AIS.
From the

MATERIALS AND METHODS
A total of 38 patients (32 females and 6 males) with Lenke type 1 AIS (lumbar modifier; A: 24 cases; B: 4, C: 10) were included in this study ( Table 1) . The average age, height, and body weight at surgery were 15.4 AE 2.3 years (range: 12-22), 157.6 AE 7.7 cm (range: 144.0-180.0), and 46.1 AE 7.3 kg (range: 32.5-69.0), respectively. The apical vertebra was T7 in 5 patients, T8 in 17, T9 in 12, and T10 in 4. The lower end vertebra (LEV) was T10 in 3 patients, T11 in 13, T12 in 15, L1 in 4, and L2 in 3. The main thoracic curve was convex to the right in all patients, and the average Cobb angle of the main thoracic curve was 58.18 AE 11.38 (range: 458-1058) in the upright position and 48.68 AE 11.48 (range: 328-948) in the supine position. CT images were taken from T4 through L2 in the supine position, and CT multiplanar reformation (MPR) images were viewed on an Aquarius Net Viewer (Tera Recon, San Mateo, CA). We measured parameters to assess the location of the aorta according to the Cartesian coordinate system adopted by Takeshita et al 5 ( Figure 1 ). The origin was set at the middle of the base of the left superior facet. A line joining the middle points of both bases of the superior facets was defined as the x-axis. The y-axis, perpendicular to the x-axis, was drawn ventrally from the origin. The angle formed by the y-axis and a line connecting the origin and the center of the aorta was defined as the left pedicle aorta (LtP-Ao) angle, and the length of a line connecting the origin and the edge of the aorta was defined as the LtP-Ao distance. 5 The LtP-Ao angle and LtP-Ao distance were evaluated at each vertebral level from T4 through L2. Aortic arches were found at the T4 level in 15 cases, and at the T5 level in 2 cases, and these data were excluded from the analysis. In addition, we arranged the measured data by level, from 4 levels above to 4 levels below the apical vertebra. The data from the cases in which the apical vertebrae were T7 were evaluated from 3 levels above to 4 levels below the apical vertebra. The measurements were obtained 2 times by 1 orthopedic surgeon (HB). The intraclass correlation coefficients for measurements of the LtP-Ao angle and distance were 0.98 and 0.89, respectively.
We evaluated the difference between the subtypes of lumbar modifiers A and C in the spatial relationship of the aorta and thoracolumbar vertebrae. We excluded patients with lumbar modifier B curves from the comparison because of the small size of this population. As previously described by Takeshita et al, 5 we defined dangerous pedicles as those for which the aorta had entered the expected area of the screw, as determined by the direction error (from 108 up to 308 in 108 increments) and the length of the screw (35 and 40 mm) independently. We counted the number of dangerous pedicles from T10 to L2, where the LEV of all cases was included in the current study. We also assessed the difference in the distribution of dangerous pedicles between lumbar modifiers A and C.
The values of each parameter are presented as the mean AE standard deviation. Wilcoxon signed-rank test or Fisher exact test was used to evaluate the difference between the measured data. Chi-square test was used instead of Fisher exact test if the expected value was less than 5. The Pearson correlation coefficient was used to evaluate the association between clinical parameters and measured data. Differences were considered to be statistically significant when the P value was less than 0.05. Data analysis was conducted with the JMP statistical software package (version 9.0.2; SAS Institute Inc., Cary, NC). The Institutional Review Board at Kyushu University approved this study (permission code 25-126). 
RESULTS
The LtP-Ao angle and LtP-Ao distance are shown in Table 2 . The LtP-Ao angle was largest at the T7 level, and tended to decrease cranially and caudally. The LtP-Ao angle of T7 was significantly larger than those of T4, T5 and from T10 to L2. The angle was negative from T12 to L2, which means that the aorta was located on the right-side screw trajectory in the thoracolumbar region. On the contrary, the LtP-Ao distance was shortest at the T6 level, and tended to increase cranially and caudally. The LtP-Ao distance at T6 level was significantly shorter than those of T4 and from T9 to L2. These data indicated that the aorta was close to the vertebrae at the middle thoracic region and far away from the vertebrae at the thoracolumbar vertebral level. The LtP-Ao angle and LtP-Ao distance with reference to the apical vertebra are shown in Table 3 . The LtP-Ao angle was largest at 1 level above the apical vertebra; the angle at this location was significantly larger than those proximal to 3 levels above the apex and distal to 1 level below it. The LtP-Ao distance was shortest at 2 levels above the apex, and the distance at this location was significantly shorter than that at 4 levels above the apex and those distal to 1 level below it. The aorta was located most posterolaterally and closest to the vertebra at the levels above the apical vertebra.
We also compared the LtP-Ao angle and LtP-Ao distance of lumbar modifier 1A with those of 1C. There were no significant differences in clinical parameters (age, sex, height, and body weight) between Lenke type 1A and 1C ( Table 1 ). The LtP-Ao angles from T11 to L2 were significantly larger in Lenke type 1A than 1C, and the LtP-Ao distances from T11 to L1 were significantly shorter in Lenke type 1A than 1C (Table 4 ). These data suggested that patients with Lenke type 1A had a higher risk of aorta injury than those with type 1C at the thoracolumbar vertebral level when a pedicle screw was inserted at an improper direction.
Next, we investigated the number of dangerous pedicles from T10 to L2 (Figure 2 ). When the direction error was within 308 or 208, there were more dangerous pedicles at T10, T11, and T12 than at L1 and L2. When the screw length was 35 mm, the number of dangerous pedicles was small if the direction error was within 108; however, 4 of 24 patients (16.6%) with Lenke type 1A had a risk of aorta injury at T11 and T12. When the screw length was 35 mm, patients with Lenke type 1A had significantly higher risk than those with 1C at T11 when the direction error was within 308 (odds ratio ¼ 21.9; P < 0.01) or 208 (odds ratio ¼ 12.6; P < 0.05). Similarly, when the screw length was 40 mm, Lenke type 1A patients had a significantly higher risk than 1C patients at T12 regardless of the direction error (direction error <308, odds ratio ¼ 18.0, P < 0.01; direction error <208, odds ratio ¼ 18.0, P < 0.01; direction error <108, odds ratio ¼ 10.6, P < 0.05). In contrast, the risk was significantly lower in patients with type 1A than those with type IC at T11 when the direction error was In the normal population, the aorta lies initially on the anterior and left lateral aspect of the spine, descends anteriorly adjacent to the vertebral bodies, and divides into the common iliac arteries. 12 In patients with scoliosis, the position of the aorta changes with the lateral translation and rotation of the vertebrae. 13 Several authors have investigated the position of the aorta relative to the spine in scoliosis patients. Takeshita et al 5 evaluated the position of the aorta relative to the spine in patients with AIS and congenital scoliosis by using 2 parameters: the LtP-Ao angle and LtP-Ao distance. They demonstrated that T4 to T5 and T10 toT12 are the vertebrae at highest risk. Liu et al 7 evaluated the risk of aorta injury by CT scans in patients with right thoracic idiopathic scoliosis. They reported that there was a high risk of aortic injury at T4, T9, T10, and T12. These studies, however, included scoliosis of various etiologies and several types of curves. Jiang et al 8 suggested that aorta shifting was correlated with axial vertebral rotation in AIS. Qiao et al reported different positions of the aorta relative to vertebrae between different thoracolumbar curves with different convexities.
14 It is possible, therefore, that the position of the aorta differs according to the scoliosis curve pattern. Accordingly, in this study we clarified the position of the aorta relative to the spine in patients with Lenke type 1 AIS. Several techniques for measuring the parameters on CT images have been reported. 5, 7, 8, 14, 15 We selected the Cartesian coordinate system described by Takeshita et al 5 for use in the present study, and evaluated the LtP-Ao angle and LtP-Ao distance at each vertebral level from T4 through L2. The results showed that the aorta was located most posterolaterally and closest to the insertion point of the left pedicle screw in the Lenke type 1 curve at the middle thoracic level. On the contrary, the aorta was located anteromedially at the thoracolumbar level.
The middle thoracic vertebrae have a smaller safe zone with respect to aortic injury. 8, 15 We considered that it would be preferable to evaluate the spatial relationship at the middle thoracic vertebrae by arranging the measured data on the basis of the apical vertebra, which is the most rotated and the most translated vertebra. The LtP-Ao angle was largest at 1 level above the vertebra of the apical vertebra, and the LtP-Ao distance was shortest at 2 levels above.
These results indicate that we should pay close attention to the risk of a lateral breach of the pedicle wall at the middle thoracic level, especially just above the apical vertebrae.
Some authors have described that the thoracolumbar vertebrae were at high risk of injuring the aorta during the placement of pedicle screws. Takeshita et al 5 reported that patients with AIS had a risk at T10 to T12, and Qiao et al 14 reported that patients with Lenke type 5C with a main right convex curve had the highest risk at T12 and L1. There have been, however, no reports examining the difference in the spatial relationship of the aorta and thoracolumbar vertebrae among lumbar modifiers. In our study, the LtP-Ao angles of Lenke type 1A were significantly larger than those of 1C from T11 to L2. The LtP-Ao distances of 1A were significantly shorter than those of 1C from T11 to L1. As previously reported by Takeshita et al, 5 we assumed that the pedicles would be rendered dangerous by large changes in the direction error and the length of the screw. As long as the direction error was within 108 and the screw length was 40 mm, patients with Lenke type 1A had the highest risk at T12, and there were a large number of dangerous pedicles at T11 regardless of the lumbar modifier. It seemed that the level of the LEV might influence the differences between 1A and 1C. The largest groups of LEV in patients with Lenke 1A and 1C were the T12 (50.0%) and T11 (80.0%) groups, respectively. The LtP-Ao angle and LtP-Ao distance at T12 of Lenke type 1A were similar to those at T11 of 1C. Vertebral rotation above or below the LEV may cause this difference between 1A and 1C at the thoracolumbar region.
The main limitation of this study was that CT was taken in the supine position. The aorta moves from the posterolateral to anteromedial position when a normal adult changes from the supine to the prone position. 16 To assess the risk of aortic injury during surgery, measurement in the prone position is necessary; however, a risk of aortic injury Figure 2 . Percentage of dangerous pedicles from T10 to L2. When the screw length was 35 mm, patients with Lenke type 1A had a significantly higher risk than those with type 1C at T11, when the direction error was within 308 or 208. When the screw length was 40 mm, patients with Lenke type 1A had a significantly higher risk than those with type 1C at T12, regardless of the direction error. In contrast, the risk was significantly lower in patients with type 1A than those with type 1C at T11 when the direction error was within 108 and the screw length was 40 mm. also exists after surgery. 17 If the screw penetrates the cortical bone of the vertebral body, aortic injury could occur postoperatively. Therefore, it was important to clarify the relative position of the vertebral body and the aorta in the supine position. Another limitation was that we did not consider the width of a screw. Aortic injury can occur postoperatively by the lateral side of screw if a screw penetrates the lateral vertebral wall; however, most aortic injuries in the literature were caused by the tip of screw. Therefore, we investigated the risk caused by the tip of a screw in the current study.
In conclusion, we clarified the position of the aorta relative to the spine in patients with Lenke type 1 AIS. The aorta was located most posterolaterally and closest to the insertion point of the left pedicle screw at the middle thoracic level, especially above the apical vertebra. This result suggests that a lateral breach of the pedicle has a potential risk of causing aortic injury. On the contrary, the aorta was located most anteromedially at thoracolumbar level, and at this level the selection of screws with proper length is important to avoid a breach of the anterior vertebral wall and aortic injury. When the direction error is within 108, patients with Lenke type 1A generally have a higher risk of aortic injury than those with 1C at the thoracolumbar level. Both Lenke 1A and 1C patients, however, have risk at T11 when the screw length is 40 mm. Thus, the T11 level will require careful attention regardless of the lumbar modifier.
